Hepatitis C virus (HCV) infection has been the leading indication for liver transplantation (LT) in the United States. Since 2013, interferon-free antiviral therapy has led to sustained virological response in many LT candidates. We compared the wait-list mortality of HCV patients with that of patients with other chronic liver diseases. Data for primary LT candidates were obtained from the Organ Procurement and Transplantation Network database. Adult wait-list registrants were divided into 3 cohorts: cohort 1 included patients on the waiting list as of January 1, 2004; cohort 2 as of January 1, 2009; and cohort 3 as of January 1, 2014. The primary outcome was wait-list mortality, and the secondary outcome was the rate of change in Model for End-Stage Liver Disease (MELD). Multivariate Cox proportional hazards analysis was performed to evaluate 12-month wait-list mortality. The cohorts included 7627 LT candidates with HCV and 13,748 patients without HCV. Compared with cohort 2, HCV patients in cohort 3 had a 21% lower risk of death (hazard ratio [HR], 0.79; 95% confidence interval [CI], 0.67-0.93). Among patients with non-HCV liver disease, no difference in mortality was seen between cohorts 2 and 3 (HR, 0.97; 95% CI, 0.86-1.09). Among HCV patients, the mean rate of change in MELD decreased from 2.35 per year for cohort 2 to 1.90 per year for cohort 3, compared with 1.90 and 1.66 in cohorts 2 and 3, respectively, among non-HCV patients. In this population-based study, wait-list mortality and progression of disease severity decreased in recent HCV patients for whom direct-acting antiviral agents were available.
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According to the World Health Organization, approximately 3% of people worldwide (more than 170 million people) have been infected with hepatitis C virus (HCV). (1) In the United States, the prevalence of HCV infection is estimated to be 2.7-5.2 million, with up to 20% having developed cirrhosis. (2) (3) (4) As the HCV population ages, the number of patients with complications of liver cirrhosis including hepatocellular carcinoma (HCC) has increased, a trend projected to continue in the foreseeable future. (5) Advanced liver disease due to HCV infection has been the most common indication for liver transplantation (LT) in the United States. (6) LT candidates with HCV may benefit from effective antiviral therapy. Sustained virological response (SVR) in LT candidates eliminates the risk of post-LT HCV recurrence and can potentially prevent further clinical deterioration on the waiting list. (7, 8) In the interferon era, HCV treatment in patients with decompensated cirrhosis was not only ineffective, but also unsafe. (9) In late 2013, approval of sofosbuvir, a potent and safe direct-acting antiviral (DAA), heralded a revolutionary era in the treatment of chronic HCV. The efficacy and safety of sofosbuvir-based therapy in patients with decompensated cirrhosis have been demonstrated, with most patients exhibiting improved Model for End-Stage Liver Disease (MELD) scores after treatment. (10, 11) Given the high achievable rate of SVR and tolerability in patients with Abbreviations: BMI, body mass index; CI, confidence interval; DAA, direct-acting antiviral; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HR, hazard ratio; INR, international normalized ratio; IQR, interquartile range; LT, liver transplantation; MELD, Model for End-Stage Liver Disease; OPTN, Organ Procurement and Transplantation Network; SD, standard deviation; SVR, sustained virological response. compensated and even decompensated liver cirrhosis, we hypothesize that patients on the LT waiting list would benefit from DAA-based treatment.
The aims of this study were as follows:
1. To examine whether wait-list mortality in the DAA era has changed for LT candidates with HCV compared with other chronic liver diseases. 2. To assess for alterations in the trajectory of disease severity in wait-list registrants with HCV.
We hypothesized that HCV therapy in wait-list registrants for whom DAAs were available may have led to a greater number of patients achieving SVR, which would manifest at the aggregate level as a mitigation in the progression in MELD scores, accompanied by reduction in mortality. To determine trends in wait-list outcomes, prevalence cohorts of wait-list registrants over a 10-year period were created. Given our hypothesis, the most recent cohort was created to include HCV patients who would have had a chance to receive DAAs and had a reasonable duration of follow-up. Thus, this cohort, which is designated as cohort 3, was defined to include LT candidates on the LT waiting list as of January 1, 2014 who met the inclusion criteria. Cohorts 1 and 2 were created in a similar fashion: cohort 1 included candidates waiting as of January 1, 2004 and cohort 2 included candidates waiting as of January 1, 2009. The 5-year intervals were chosen to minimize the number of patients represented in more than 1 cohort, while they are separate enough to represent different eras of LT. Patients who existed in more than 1 cohort were sorted into the most recent cohort. The study was approved by the institutional review board at Stanford University.
Patients and Methods

STUDY DATA
Demographic data (age, sex, and race/ethnicity), anthropometric variables such as body mass index (BMI), diagnostic codes for underlying liver disease, the presence of HCC, and laboratory data including components of the MELD score were extracted from the OPTN database. The start date was determined by the date of the MELD score closest to January 1 of the relevant cohort-data available on the start date were designated as baseline data. Patients were excluded if the closest available MELD score was earlier than 6 months prior to January 1 of the relevant cohort.
STATISTICAL ANALYSIS
The primary outcome variable was death on the waiting list within 1 year of start of study period, removal from the waiting list with known subsequent death, or removal from the list due to deteriorated condition or too sick to transplant. Patients were censored when they underwent LT, were lost to follow-up, or after 1 year of follow-up was complete. Survival time was defined as the number of days from the date of the first recorded MELD score closest to January 1 of the relevant cohort, until the primary outcome event occurred. The multivariate Cox proportional hazards analysis was conducted to evaluate the differences in 1-year mortality between cohorts, adjusted for baseline age and MELD score. The Cox model assumes that censored patients had the same risk as patients with the same covariate values, such as the MELD score, who were not censored. Thus, once the model was adjusted for MELD score, concern about potential biases, such as informative censoring, could be minimized.
To determine whether the pattern of MELD score progression has changed in the DAA treatment era, the slope of MELD score change, referred to hereafter as delta-MELD, was calculated for all cohorts. For this analysis, only patients with at least 4 available MELD scores within 1 year of the cohort start date were included. Patients whose last available MELD score was recorded prior to the corresponding January 1 of each cohort were excluded. Delta-MELD scores for the eligible population were then calculated based on the average of the first 2 available MELD scores and the average of the last 2 available MELD scores available, divided by time. Because the time intervals between the 2 averages of the MELD scores were variable, this part of the analysis only included patients with at least 365 days between the 2 MELD score averages.
Finally, data were extracted to assess the availability and utilization of HCV-positive donors over time, as this is a potential contributor for differences in waitlist outcome for HCV patients. Trends in median wait-list time, HCC exception points, and biochemical MELD for recipients with HCV and recipients of HCV-positive grafts were described.
Results
PATIENT CHARACTERISTICS
There were 11,823 patients on the waiting list on January 1, 2004; 12,381 on January 1, 2009; and 15,624 on January 1, 2014. When the eligibility criteria were applied, cohort 1 included 6000 patients, cohort 2 included 6566 patients, and cohort 3 included 8809 patients (Supporting Fig. 1 ). Of these registrants, 7627 (35.7%) belonged in the HCV group, and the remaining 13,748 in the non-HCV group.
Baseline characteristics of patients in the 3 cohorts are presented in Tables 1 (HCV) and 2 (non-HCV). HCV patients in the 3 cohorts had similar proportions of men, whereas the more recent cohorts were older. The proportion of white registrants decreased, whereas African American and Hispanic registrants increased in the more recent cohorts. The median MELD score at baseline increased over time, albeit modestly, from 13 in the 2004 and 2009 cohorts to 14 in the 2014 cohort.
Among the non-HCV registrants, members of cohort 3 were older and more likely to be male, obese, and diabetic, compared with those in the first 2 cohorts ( Table 2 ). As expected, the proportion with nonalcoholic steatohepatitis increased, whereas primary biliary cirrhosis and hepatitis B virus infection decreased. When compared with the HCV cohorts, the non-HCV cohorts had higher proportions with diabetes (P < 0.001 for cohorts 1, 2, and 3) and lower proportions with HCC (P < 0.001 for cohorts 1, 2, and 3). Although wait-list registrants became progressively older over time, the trend was more pronounced among HCV patients. Laboratory data and MELD scores were statistically different between HCV and non-HCV cohorts, although numerical differences were small and unlikely to be clinically meaningful. WAIT-LIST OUTCOMES Table 3 summarizes wait-list outcomes for the 3 cohorts. There was no apparent difference in 1-year fatality rates among them, with 62.9%-64.3% of cohort members surviving and still waiting for a graft at the end of the year. The proportion that underwent LT decreased over time, to 18.9% for HCV patients and 17.0% for non-HCV patients in cohort 3. The proportion of patients in the HCV cohorts withdrawn from the waiting list increased over time at a higher rate compared with the proportion in non-HCV cohorts. HCV patients withdrawn for improved conditions increased from 1.5% in cohort 2 to 2.2% in cohort 3, whereas non-HCV patients withdrawn for the same reason were 2.8% and 2.9% in cohorts 2 and 3, respectively. Similarly, without adjustment for baseline patient characteristics, there was no difference in the KaplanMeier estimates for wait-list survival between HCV and non-HCV cohorts of the same era, when the cohorts were assessed as a whole (Fig. 1 ) or when they were divided into MELD groups of 20 and <20 (Supporting Fig. 2 ).
SURVIVAL MODELING
The results of the multivariate Cox regression analysis, adjusted for age and MELD score, are summarized in Table 4 . Compared with patients in cohort 2, those in cohort 3 experienced a 21% reduction in wait-list mortality (hazard ratio [HR], 0.79; 95% confidence interval [CI], 0.67-0.93). There was no such improvement in the non-HCV cohorts of the same period (HR, 0.97; 95% CI, 0.86-1.09). There was no statistically significant improvement in survival from cohort 1 compared with cohort 2.
When the analysis was stratified by baseline MELD score, the improvement in survival in the 2014 HCV cohort was predominantly driven by patients with MELD 20, with HR 0.59 (95% CI, 0.42-0.82). In patients with lower MELD, there was a similar trend toward improved survival between cohorts 2 and 3, but this was not statistically significant (HR, 0.88; 95% CI, 0.73-1.06). For non-HCV patients, no statistically significant change in survival was observed from cohort 2 to cohort 3 in either MELD stratum.
When patients with MELD 20 were further divided into MELD 20-25 and MELD 25, both HCV and non-HCV patients showed an improvement in survival over time. However, the change was more dramatic among HCV patients compared with non-HCV (Supporting Table 1 ). When patients with MELD < 20 were further divided into MELD < 15 and MELD 15-20, no meaningful trend was found. A sensitivity analysis with 6-month mortality as the outcome variable yielded similar results (data not shown). A sensitivity analysis of patients with a combined diagnosis of HCV and alcohol showed no significant difference in survival across cohorts (Supporting Table 6 ).
CHANGE IN MELD (DELTA-MELD)
The results of the delta-MELD analysis are shown in Table 5 . In patients with HCV, the mean ( 6 standard deviation [SD]) delta-MELD score increased from cohort 1 (2.07 6 4.5 per year) to cohort 2 (2.35 6 4.9 per year), but decreased in cohort 3 (1.90 6 5.0 per year). Among wait-list registrants without HCV, the trend was a more linear decrease in the mean delta-MELD score from cohort 1 to cohort 3. When patients were stratified by baseline MELD, the largest reduction in the delta-MELD was seen from cohort 2 to cohort 3 among HCV patients with baseline MELD 20 (3.70 per year to 2.19 per year; P < 0.001). In contrast, the difference in delta-MELD for non-HCV patients with baseline MELD 20 was not statistically significant from cohort 2 to cohort 3. Sensitivity analysis excluding patients with MELD exception points for HCC and stratifying patients by baseline MELD 15 and < 15 showed similar results (Supporting Table 2 ).
Delta-MELD may be made spuriously low, if a large number of patients with rising MELD were selectively transplanted and removed from the waiting list. In order to examine the possibility that survival and disease severity among patients in cohort 3 may have improved due to changes in access to LT, transplantation rates were calculated for each cohort. Overall, the transplantation rate in our study population declined over time, from 26.6 (95% CI, 25.1-28.0) transplants per 100 wait-list years in cohort 1 to 21.6 (95% CI, 20.6-22.7) in cohort 3 (Supporting Table 4 ). The transplantation rate for patients without tumor points showed a similar pattern of decline, regardless of HCV status. The transplantation rate for patients with HCC did increase more steeply for patients with HCV compared with those without HCV. However, HCC patients by and large have low biochemical MELD scores that tend not to change even over a relatively long period of time.
HCV-POSITIVE DONORS
Out of the 21,375 patients who qualified for inclusion in our study cohorts, 4194 underwent LT during the 1 year of follow-up; 166 (4.0%) were known to receive livers from donors with positive HCV antibody, 146 of which were allocated to HCV-positive recipients (Supporting Table 3A ). Overall, 9.7% of HCV-positive recipients and 0.8% of HCV-negative recipients received HCV-positive donor organs. Although there was an increase in the proportion of HCV-positive donors over time, the absolute number of HCVpositive organs transplanted over time was small. Out of the 166 organ recipients of HCV antibody-positive donors, 41 (24.7%) had HCC. In our data, the median time from baseline to LT for HCV patients increased from 74 days (interquartile range [IQR], 18-280 days) for cohort 1 to 160 days (IQR, 39-399 days) for cohort 3. The median MELD at LT did not change significantly for HCC and non-HCC patients (Supporting Fig. 3 ). These data suggest that increased availability of HCV-positive organs for cohort 3 did not change the wait-list outcome appreciably. Finally, when the utilization of HCV-positive organs was analyzed by region, there was no clear correlation between the frequency of HCV antibodypositive donor liver utilization and wait-list outcomes (Supporting Table 5 ).
Discussion
Using national OPTN data, we demonstrate that there has been a decrease in wait-list mortality for patients with HCV in the DAA era. In addition, disease progression as measured by progression in MELD score is attenuated for HCV patients in the DAA era. These 2 trends appear to be correlated, both seen predominantly in the most recent HCV cohort with higher MELD scores. The reductions in mortality risk and delta-MELD scores may be at least in part attributable to the use of DAA therapy after the approval of sofosbuvir in December 2013.
We also showed an increase in the proportion of wait-list registrations for black and Hispanic patients with HCV-related cirrhosis, and a concurrent decrease in the proportion of white registrants. This observation is consistent with recent studies that have demonstrated higher rates of cirrhosis among black and Hispanic patients and lower HCV treatment rates among racial minorities. (11) (12) (13) This trend also parallels the racial trends of LT overall, which may represent improved access to LT for minorities, who have been historically disadvantaged. (14, 15) Successful antiviral treatment of patients with HCV cirrhosis may reduce inflammation, halt or delay disease progression, and, in some cases, cause reversal of fibrosis, preventing further clinical deterioration and death. Previous interferon-based regimens have been less effective and poorly tolerated. However, the availability of potent DAAs with minimal adverse effects has led to high rates of SVR with excellent safety profiles, even in decompensated cirrhosis. (16) (17) (18) (19) (20) In clinical trials of DAA-based HCV therapy for patients with decompensated cirrhosis, a majority of patients experience a decrease in MELD and Child-Pugh scores after antiviral treatment, suggesting that eradication of the virus improves hepatic function by alleviating the inflammation and injury resulting from active viral replication. (21) Similar effects are seen with the suppression of the hepatitis B virus, with improvement in liver function and outcomes in patients with decompensated cirrhosis. (22) In patients with decompensated cirrhosis due to HCV, effective DAA-based antiviral therapy may result in reduction in portal hypertension and overall clinical improvement. (23) (24) (25) For LT candidates, this may lead to a delay in LT or even enable patients to avoid LT altogether. (7, 26) Over time, DAA-based therapy is also anticipated to reduce the overall burden of HCV and need for LT. HCV has historically been the leading indication for LT in the United States, but wait-list registrations and rates of transplantation for HCV have already started to decrease as more patients are treated with antiviral therapy. (15, 27) Our data suggest that in the recent DAA era, waitlist outcomes have improved for LT candidates with MELD 20, the sickest subgroup of HCV patients with the most advanced liver disease. There has been an emerging concern about treating these patients because attaining SVR may lead to a state referred to by some as "MELD purgatory," which may reduce the opportunity for LT. In patients with mild hepatic decompensation, SVR could lead to disease stabilization and a decrease in the MELD score and measurable improvement in short-term outcomes, obviating the need for LT. (26) This scenario may apply to some of the patients who were withdrawn from the waiting list for improvement in their condition. In other patients, however, SVR fails to resolve hepatic decompensation, and the patient still requires LT-now with little prospect of attaining a high enough MELD score to receive organ offers. These patients would lose priority on the LT waiting list while not achieving full hepatic recovery, leaving them with persistent complications and a decreased quality of life while awaiting LT. Our study may partly validate this concern because it shows that although the outcomes of wait-list registrants with HCV in the current era improved and their delta-MELD was lower than before, they on average continue to experience an overall increase in MELD (ie, delta-MELD > 0). This suggests that LT candidates with HCV are not progressing to LT as rapidly, but that many do continue to progress over time. Although our overarching hypothesis was that DAA therapy would improve wait-list outcomes in HCV patients with end-stage liver disease, we are not able to directly link improvement in survival and lessened disease progression in LT candidates with HCV in the DAA era, because specific information regarding antiviral therapy was not available from the OPTN wait-list data. The improvement in survival and disease progression in this population could be attributed to improvement in the management of cirrhosis complications, advances in the quality of medical care in general, access to LT, or perhaps a difference in the selection of patients referred and listed for LT. However, the difference between HCV and non-HCV patients points to factors that are specific to HCV. In addition, patients in cohort 3 were observed to have a lower incidence of transplantation compared with prior cohorts. The fact that we nonetheless detect improved survival among HCV patients in cohort 3 despite a lower transplantation rate suggests that the true effect is even larger.
One possible alternate hypothesis for the improved wait-list outcomes among HCV-positive LT candidates is the increased utilization of HCV-positive donors. In recent years, the transplant donor pool has been substantially expanded by the increased number of opioid drug users succumbing to overdose. A substantial proportion of these donor livers harbors HCV infection, leading to wider availability of HCV antibody-positive donors. Increased usage of those organs signals increasing confidence in the effectiveness of DAA therapy after LT. The addition of HCV-positive organs to the donor pool may shorten waiting times and increase access to transplantation, especially for HCV patients.
In our cohorts, HCV-positive LT recipients receiving HCV-positive grafts did increase from 7.2% to 13.0% over the study period. However, there was no appreciable reduction in waiting times or MELD at LT over time among those recipients. Along the same vein, with the ability to treat aggressive recurrent HCV in the graft, transplant programs may be using more organs that are thought to be high-risk, eg, older donors, organs with macrosteatosis, and other extended criteria donors. These and other uncertainties, including the lack of HCV-specific information inherent in the registry data, prevent us from claiming a direct causality between HCV therapy and improved wait-list outcomes. Further studies are needed to characterize the response to HCV therapy in patients with HCVrelated cirrhosis and its impact on the subsequent MELD trajectory in individual patients facing LT.
With those caveats, this is the first analysis, to our knowledge, to use a population-based database to show that survival and disease progression for patients with decompensated HCV cirrhosis are improved in the DAA era. The study takes advantage of the large sample size of the OPTN database, which provides outcome data as well as multiple data points to follow disease severity over time. The creation of time-based cohorts, inclusive only of patients on the waiting list on a specific date, enables the detection of differences in clinical outcomes across time periods, and in particular, after the introduction of sofosbuvir and DAAbased therapy.
In conclusion, mortality for LT wait-list registrants with HCV has decreased in the DAA era, with concurrent attenuation in the progression of disease severity. This trend correlated with the availability of DAA-based antiviral therapy. These data, although ecological, represent the first evidence at a population level that DAA therapy has had an impact on hard such as survival and removal from the LT waiting list, in addition to improvement in MELD score.
